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In the gas phase, the CH2CHOH
z1 enol radical cation 1 as well as its higher homologues
CH3CHCHOH
z1 2 and (CH3)2CCHOH
z1 3, undergo exactly the same sequence of reactions
with tert-butanol, leading to the losses of isobutene, water and water plus alkene. Fourier
transform ion cyclotron resonance (FT-ICR) experiments using labeled reactants as well as ab
initio calculations show that independent pathways can be proposed to explain the observed
reactivity. For ion 1, taken as the simplest model, the first step of the reaction is formation of
a proton bound complex which gives, by a simple exothermic proton transfer, the ter-body
intermediate [CH2CHO
z, H2O, C(CH3)3
1]. This complex, which was shown to possess a
significant lifetime, is the key intermediate which undergoes three reactions. First, it can
collapse to yield tert-butylvinyl ether with elimination of water. Second, by a regiospecific
proton transfer, this complex can isomerize into three different ter-body complexes formed of
water, isobutene and ionized enol. Within one of these complexes, which does not interconvert
with the others, elimination of isobutene leads to the formation of a solvated enol ion. Within
the others, a cycloaddition–cycloreversion process can proceed to yield the ionized enol 3 (loss
of water and ethylene channel). (J Am Soc Mass Spectrom 2001, 12, 938–947) © 2001
American Society for Mass Spectrometry
In the gas phase, the bimolecular reaction between anion and a neutral molecule, or the unimoleculardissociation of an activated ion via covalent bond
cleavage, often leads to a weakly bonded species which
can be termed an ion-molecule complex [1]. In these
species, different kinds of interactions can exist between
the partners (charge-dipole, charge-induced dipole, in-
duced dipole-induced dipole, charge exchange, etc.) A
wide variety of structures can result from these various
interactions. These structures are frequently very flux-
ional and their interconversion is often facile, a fact
which allows a great number of reactions and rear-
rangements to occur within the complexes. Further-
more, it is frequently possible to associate each reaction
product with one of these structures [1]. This can be
clearly demonstrated when the rate of isomerization
between two structures is slow compared to the rates of
the individual dissociation reactions. For instance, the
interaction between ionized methanol and a water
molecule [2] yields two complexes, the interconversion
of which is very slow, with each of them leading to a
specific reaction. Recently, a similar phenomenon has
been shown to operate in the methanol catalyzed con-
version of the acetaldehyde radical cation into its enol
counterpart [3].
These ion/molecule complexes where one ion inter-
acts with one neutral are now widely identified as
intermediates in many reactions [1]. Nevertheless, the
higher homologue of such species i.e., one ion weakly
bonded to two neutral molecules [4–6] (identical or
not), even if invoked in some reaction pathways [7] has
never been really proven.
Considering the growing field of studies of reaction
mechanisms within aggregates in the gas phase [8],
investigation of the reactivity of these complexes, which
can be considered as small aggregates, is of much
interest for a greater insight into the role of the neigh-
boring neutral molecules in the course of a reaction, as
a model for the role of solvent.
In this work, the existence of such stable ter-body
complexes will be shown for the first time both by
FT-ICR studies and electronic structure calculations. It
will be shown that terbody complexes are intermediates
in the reactions between an ionized enol and a tert-
butanol molecule and it will be pointed out that the
interconversion between these isomeric complexes does
not always occur.
It is well established that the C–O bond in proton-
ated tert-butanol is sufficiently stretched [9] that this ion
can be considered as an electrostatic complex between
the tert-butyl cation and water. The phenomenon is
recurrent in the proton bound dimers of tert-butanol
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with other bases, which never lead to protonated tert-
butanol but rather, to water or isobutene eliminations.
This has been rationalized by suggesting [4] that a
ter-body complex is intermediate in the process:
ROH . . . H1 . . . O(H)C(CH3)33
[ROH, H2O, t-C4H9
1]3 RO(H)t-C4H9
1 1 H2O.
These reactions of closed shell cations with tert-
butanol have been previously demonstrated to proceed
via three possible general pathways, as examplified by
the reaction of protonated acetone [10]. The first reac-
tion pathway is loss of isobutene and leads to the
formation of the proton bond dimer of water and
acetone. The second reaction channel, loss of water,
gives rise to a species which can be regarded as an
adduct between the tert-butyl cation and acetone. Fi-
nally, the third reaction pathway corresponds to a
simple proton transfer to generate protonated tert-
butanol and the tert-butyl cation.
This pattern of reactivity is found to be very general
with a variety of hydrocarbon cations as well as pro-
tonated oxygen bases, including protonated tert-buta-
nol itself. They react exactly in the same way, the only
difference being variable product distributions [11, 12].
It was thus conjectured that radical cations should
also react in a similar fashion, with the very interesting
result that solvated radical cations would be among the
ionic products. This exciting possibility of generating
solvated radical cations, including solvated distonic
ions, has been shown to be indeed feasible [13]. Holmes
et al. have recently developed another technique to
produce solvated distonic ions based on selected radical
removal from proton bond dimers [14]. In the present
work the reactions of enol radical cations with tert-
butanol will be described and shown to be analogous to
those of closed shell cations. Important implications for
the nature of the intermediates involved will also be
drawn.
Experimental
FT-ICR Experiments
The bimolecular reactions of ions 1, 2 and 3 were
studied with a CMS-47X (Bruker, Bremen, Germany)
FT-ICR mass spectrometer equipped with an external
ion source and an infinity cell [15]. The neutral reactants
were introduced into the cell through a leak valve at a
pressure of 1 3 1028 to 4 3 1028 mbar depending on
the experiment, and then diluted with argon to give a
total pressure of 2 3 1027 mbar. When necessary, a
transient pressure of neutral reactant was introduced by
means of a piezoelectric pulsed valve.
The ion–molecule reactions of the ions were exam-
ined after isolation and thermalization of the reactant
ions formed in the external electron ionization (EI) ion
source. After transfer into the cell, the ion of interest
was first isolated by radio frequency (rf) ejection of all
unwanted ions. After a 1.5 s delay, usually sufficient to
thermalize the ions by successive collisions with argon,
the isolation procedure was repeated by the use of
low-voltage single rf pulses (soft shots) at the resonance
frequencies of the product ions formed during the
relaxation time. The efficiencies of the reactions were
obtained as the ratio of the experimental rate constant to
the collision rate constant calculated according to Su
and Chesnavich [16].
Labeled tert-butanols are commercially available
(Aldrich L’lle d’Abeau, France).
Formation of the Reactant Ions
Previous work has outlined the means whereby enol
radical cations may be generated in the gas phase. It has
been demonstrated that such species are more stable
than their keto radical cation counterparts [17]. In the
present work the enol cations have been generated in a
number of ways. McLafferty rearrangment of ionized
n-hexanal gives the acetaldehyde enol cation 1,
CH2CHOH
z1 (m/z 44), while the corresponding reaction
of ionized 2-methyl valeraldehyde gives the propional-
dehyde enol cation 2, CH3CHCHOH
z1 (m/z 58). Alter-
natively, dissociative ionization of cyclobutanol gives
directly the acetaldehyde enol ion 1. Finally, the char-
acteristic reaction of enol cations with alkenes has also
been used to synthesize new enol cations by bimolecu-
lar reaction. For instance, the acetaldehyde enol ion 1
reacts with propene to generate 2, while ion 2 reacts
with isobutene to generate 3, (CH3)2CCHOH
z1 (m/z 72),
the isobutyraldehyde enol radical cation. These reac-
tions, which involve several steps, can be formally
considered as cycloaddition–cycloreversion reactions.
These reactions were also used to characterize the
product enol ion structures (Scheme 1) [18].
Calculations
Because of the structural complexity of the systems
under study, several methods were combined in order
to determine the different key structures on the poten-
tial energy surface. All stationary points were opti-
mized by ab initio molecular orbital calculations, per-
formed both at the HF/6-31G** level of the theory and
by the use of the Density Functional Theory B3LYP
method, with the Gaussian 94 program package (Gauss-
ian Inc., Pittsburgh, PA) [19]. Diagonalization of the
Hessian was performed in order to check that the
structures were minima on the potential energy surface.
Scheme 1
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Vibrational frequencies obtained at these levels were
used to compute zero point energy and thermal correc-
tions. To account for the electron correlation, single
point MP2/6-31G** calculations were performed on the
HF and the B3LYP optimized geometries. Thermo-
chemical corrections from frequency calculations at the
B3LYP/6-31G** level were also added to the MP2
calculation. In order to locate stable minima candidates,
an AM1 semi-empirical calculation was performed
prior to the ab initio optimization. For the ter-body
complexes, the semiempirical method of Claverie [20],
combined with simulated annealing techniques, was
used to explore the entire range of possible stable
structures. The most stable of these structures were then
further optimized (see below).
Results
The reactions of each of the three enol radical cations (1
to 3) with tert-butanol were studied in the present work
and each undergoes the same sequence of reactions. By
using specific resonant ion ejection, the successive reac-
tions of each initial product ion can be determined.
Thus, the apparently very complex spectra, such as that
shown in Figure 1 can be rationalized in terms of four
reaction sequences.
(1) The first reaction channel, as noted above for
protonated acetone, leads to loss of isobutene and to the
formation of an adduct between the enol radical cation
and H2O (m/z 76 in the above spectrum).
(2) The second reaction channel leads to loss of water
to give, formally, an adduct between the tert-butyl
cation and the b-radical of an aldehyde (m/z 114 in
Figure 1).
(3) The reactions of ions 1 or 2 with tert-butanol lead
also to the loss of (H2O 1 alkene) with formation of
C4H8O
z1 (m/z 72).
(4) The last reaction pathway corresponds to a sim-
ple proton transfer to generate protonated tert-butanol.
This reaction is accompanied by H2O loss to generate
the tert-butyl cation [21]. This channel is well known
and is not being considered in the present work.
The products of the four channels undergo subse-
quent reactions with tert-butanol.
Thus, viewed in this way, the apparently very com-
plex spectrum shown in Figure 1 can be rationalized in
terms of four apparently simple reaction channels. The
nature of the intermediate(s) involved in these channels
may, however, not be immediately evident and, in
order to gain more insight into these intermediates, a
series of deuterium labeling experiments (for ions 1 and
2) were performed as well as computer modeling both
by the semi-empirical Claverie method and by ab initio
calculations. These theoretical results will be briefly
described following the experimental results.
Loss of Isobutene
Loss of isobutene leads to the formation of the solvated
enol radical cations [R(R9)CCHOHz1, H2O]. These spe-
cies can also be regarded as the proton bound dimers of
the b-radicals of a R(R9)CHCHO aldehyde and H2O as
evidenced by the following experiments.
Reaction of these solvated ionized enols with tert-
butanol leads, by ligand exchange, to the proton bound
dimers of tert-butanol and the corresponding b-radical
of the aldehyde [R(R9)CCHOHz1, t-C4H9OH]. A sub-
sequent reaction of this species with tert-butanol leads
to the proton bound dimer of tert-butanol [t-C4H9OH
. . . H1 . . . O(H)t-C4H9], a normal switching reaction if
one keeps in mind that the proton affinity of tert-
butanol (192 kcal mol21) [22] is expected to be slightly
greater than that of either the b-radical of propionalde-
hyde or acetaldehyde [23,24].
CID experiments on the water solvated ionized enols
show a facile loss of H2O.
Furthermore, in the solvated ions, the ionic moieties
have the enol structures [11] since they react with
alkenes by the cycloaddition–cycloreversion process
described above (Scheme 1). For instance, the [1, H2O]
solvated ion (m/z 62), reacts with propene to yield ion 2
(m/z 58). It may be noted that the structure of this
solvated species is identical to that proposed for the m/z
62 ion formed by fragmentation of ionized 1,4-butane-
diol, which has been previously described [25]. As a
matter of fact, these two ions exhibit the same reactivity
towards tert-butanol and isobutene, which supports the
contention that they are indeed the same species.
Finally, the solvated enols were shown to be stable
structures [26] corresponding to an R(R9)CCHOHz1 ion
weakly bonded to a molecule of water. The interaction
energy was calculated in this work to be 29.8 kcal mol21
in the case of [1, H2O].
When ion 2 is allowed to react with tert-butanol-d9,
the isobutene loss channel leads exclusively to loss of
C4D8. Furthermore, collision-induced dissociation
(CID) experiments show that the resulting solvated enol
ion loses HDO exclusively. Thus, this product ion is a
Figure 1. FT-ICR mass spectrum of ion 2 after 6 s reaction time
with tert-butanol (P 5 2.5 1028 mbar).
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proton bound dimer of the b-radical of propionalde-
hyde and HDO. This result indicates that one deute-
rium of tert-butyl is transferred to the oxygen of tert-
butanol and becomes a part of the water molecule.
When reaction is carried out with tert-butanol-d10,
exclusive loss of C4D8 is once again observed. However,
in this case, subsequent CID experiments show that the
losses of either HOD or D2O from the solvated enol ion
occur in a 1:1 ratio. This indicates that statistical H/D
permutation between hydroxylic hydrogens has oc-
curred at some intermediate stage. This conclusion is
supported by the reactions of CH3CHCHOH
z1 with
t-C4H9OD and of CH3CHCHOD
z1 with t-C4H9OH
which both solvated enols eliminate H2O and HDO
upon collision in a 1:1 ratio (Scheme 2).
Loss of Water
The structure of the products resulting from elimination
of water can be clearly established from the reaction of
ion 1 for which isomeric ions are available. In this case,
the m/z 100 product has the same behaviour as ionized
tert-butylvinyl ether. First, upon collision, the m/z 100
ion yields the same fragments (m/z 57, (CH3)3C
1, and
m/z 72, C4H8O
z1) as tert-butylvinyl ether and in a similar
ratio. Second, the m/z 100 product reacts with propene
by a cycloaddition–cycloreversion process to give a m/z
114 product (Scheme 3). Ionized tert-butylvinyl ether
undergoes the same reaction, at the same rate, with
propene.
Reaction between 1 and tert-butanol-d9 results in
exclusive loss of H2O to give CH2CHOC(CD3)3
z1 (m/z 109)
since, upon collision, this product gives a pure (CD3)3C
1
fragment (m/z 66). Similar results were obtained for ion
2, with formation of CH3CHCHOC(CD3)3
z1 (m/z 123).
Simultaneous Loss of Water and Alkene
The m/z 72 product, corresponding to the loss of H2O 1
alkene, is identical to the (CH3)2CCHOH
z1 ion 3 formed
by direct cycloaddition of ion 2 with isobutene as
shown by their identical reactivity. For instance, they
react with diethylether to yield the same stable adduct
and protonate various molecules at the same rate. Both
ions also give the same CID spectra, allowing a clear
distinction of their structures from those of other iso-
mers (Table 1).
Reaction between 2 and tert-butanol-d9 yields, by loss
of propene and water, the (CD3)2CCHOD
z1 (m/z 79) pro-
duct ion (Scheme 4), a deuterated analog of 3 [27]. Further
H/D exchange reaction leads to (CD3)2CCHOH
z1. This
clearly shows that a deuterium has arrived at the enol
oxygen during the process. Conversely, the reactions of
CH3CHCOH
z1 with t-C4H9OD and of CH3CHCOD
z1
with t-C4H9OH lead only to HDO loss.
Scheme 2
Scheme 3
Table 1. FT-1CR CID Spectra of some C4H8O
x1 isomers at m/z 72
CH3H8O
•1 m/z 72 m/z 71 m/z 57 m/z 45 m/z 44 m/z 43 m/z 42 m/z 41
m/z 29
(HCO)
m/z 29
(C2H5)
(CH3)2CCHOH
•1 100 — 36 — — 5 — 5 4 3
CH2CHCH2OCH3
•1 100 25 30 8 — — 9 9 12 10
Tetrahydrofuran•1 100 36 — — 2 5 29 13 — 6
CH2C(CH3)OCH3
•1 100 1 1 — 1 10 45 25 — 4
CH2CHOC2H5
•1 100 — — — 28 29 1 — — 35
CH2C(CH3)CH2OH
•1 100 — 57 — — 7 — 7 7 6
CH2CH(CH2)2OH
•1 60 — 9 — 13 8 24 — — —
CH3(CH2)2CHO
•1 38 — 100 — — 11 — 8 11 8
C2H5COCH3
•1 100 — 8 — — 35 — — — —
CH3CH2C(OH)CH2
•1 17 16 40 7 6 100 — — 6 7
CH3CHC(OH)CH3
•1 45 4 22 5 7 100 — 4 7 4
Scheme 4
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Modeling the Intermediates
The goal of our calculations was to show the possible
existence of some of the probable intermediate struc-
tures. For example, for the [CH3CHCHOH
z1, water,
isobutene] ter-body complex, which, on the basis of
experimental results seems to be a key intermediate to
explain the reactivity of the system, 31 structures falling
into roughly 12 different classes, were located by ap-
plying simulated annealing to the interaction energy of
the complex calculated by the Claverie method [20]. By
analogy, similar complexes were obtained for ion 1 and
the most stable structures were then optimized by ab
initio calculations, leading to three isomeric complexes
(IV, V and VI). The calculated energies of these and
other complexes or species involved in the reaction are
reported in Table 2 and the optimized HF geometries
are given in Figure 2. Analysis of Table 2 shows that
B3LYP optimizations lead to a unique structure for I
and II and that B3LYP energies lie far below the others
due to an overstabilization of the studied complexes.
Thus, the most satisfactory results were obtained with
the MP2/6-31G**//HF-6-31G** level, and a schematic
potential energy surface, gathering results obtained for
ion 1, is given in Figure 3.
Discussion
The experimental results, particularly those for the
reactions with tert-butanol-d9, clearly show the exis-
tence of several independent pathways. For instance, in
the pathway leading to [H2O 1 alkene] loss (Scheme 4),
one hydrogen of the tert-butyl group ends up on the
oxygen of the enol in the final products while the initial
hydroxylic hydrogen of the ion is eliminated, most
probably in the water molecule. By contrast, in the
pathway leading to the formation of a H2O solvated
enol with isobutene loss (Scheme 2), no hydrogen of the
tert-butyl group is incorporated into the enol moiety in
the final solvated ion.
Loss of Water: Intermediacy of the [RR9CCHOz,
C(CH3)3
1, H2O] Complex II
The results indicate that elimination of a water molecule
from the adduct yields ionized tert-butylalkenyl ether in
which the ionized tert-butyl group contains the nine
hydrogens of the tert-butyl group of the reactant tert-
butanol. This strongly suggests the intermediacy of a
[RR9CCHOz, C(CH3)3
1, H2O] complex and may be ratio-
nalized by a multi-step mechanism such as that pro-
posed in Figure 3 for ion 1.
In the first step, the interaction between ionized
enol and tert-butanol yields the H– bonded complex I
(Figure 2) in which the hydroxylic hydrogen of the
ion is bonded to the oxygen of tert-butanol. The
interaction energy for this complex is 36.7 kcal mol21.
In a second step, I converts into the complex II by a
simple transfer of the bonding hydrogen, from the
enol ion to the oxygen of the neutral alcohol. The
complex II (Figure 2), which lies 35.2 kcal mol21
below the energy of the reactants (Table 2), can be
considered as a ter-body complex between the enol
radical, water and the tert-butyl cation as indicated
(1) by the length of the C–O bond between H2O and
C(CH3)3
1 which is 1.55 Å instead of 1.45 Å in neutral
tert-butanol and (ii) by the analysis of the laplacian of
the electronic density depicted in Figure 4 [26]. This
Bader analysis clearly shows that in the complex II,
the water molecule is weakly bonded to the tert-butyl
cation and purely electrostatically bonded to the enol
radical. The isomerization I 3 II may be easy for two
reasons. First, the proton affinity of tert-butanol
(PA 5 192 kcal mol21) [22] lies above the proton
affinity at the oxygen site of the enol (184.7 kcal
Table 2. Calculated electronic energies (in Hartees) and relative energies (in kcal mol21) for the different structures involved in the
reaction between the end 1 and tert-butanol
Product
HF/6-31G**
//HF/6-31G**
MP2/6-31G**
//HF/6-31G**
B3LYP/6-
31G**//B3LY
P/6-31G**
MP2/6-
31G**//B3LY
P/6-3G** E°298
a
CH2CHOH
•1 1 (CH3)3COH Entry 0.0 0.0 0.0 0.0 0.0
[CH2CHOH
•1, HOC(CH3)3] I 229.7 236.7 238.9
b
237.0
b
236.6
b
[CH2CHO
•, H2OC(CH3)3
1] II 232.9 235.2 238.9
b
237.0
b
236.6
b
[CH2CHOC(CH3)3
•1, H2O] III 228.5 233.3 231.4 233.5 232.2
[CH2CHOH
•1, H2O, i-C4H8] IV 29.1 28.4 213.9 28.1 27.9
[CH2CHOH
•1, H2O, i-C4H8] V 214.4 214.6 218.7 215.9 215.5
[CH2CHOH
•1, H2O, i-C4H8] VI 216.5 218.3 225.3 219.6 221.6
(CH3)2CCHOH
•1 1 H2O 1 C2H4 Exit a 1.3 4.4 22.3 4.3 1.0
CH2CHOC(CH3)3
•1 1 H2O Exit b 216.8 219.4 218.2 219.3 220.9
[CH2CHOH
•1, H2O] 1 i-C4H8 Exit c 28.7 27.5 212.3 28.4 210.1
CH2CHOH
•1 1 H2O 1 i-C4H8 16.8 22.4 19.2 22.2 19.0
2,2 dimethylcyclobutanol•1 1 H2O 21.5 213.4 213.3 212.9 213.3
[CH2CHOH
•1, i-C4H8] 1 H2O 1.1 2.2 23.1 1.4 21.7
a
Thermochemical data from frequency calculations at the B3LYP/6-31G** level added to a single point energy computed at the MP2/6-31G** level.
b
The optimization led to a single structure corresponding to II.
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Figure 2. HF/6-31G** optimized structures for stable species involved in the reaction between the
enol 1 and tert-butanol.
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mol21) [23], making the proton transfer exothermic.
Second, this reaction should involve only a small
energy barrier since there are few changes in the
geometry of the system.
It has been confirmed experimentally, as reported
further below, that II, which is stable on the potential
energy surface (PES), possesses a significant lifetime.
Among possible further reactions, II can collapse to
give the solvated species [H2CCHOC(CH3)3
z1, H2O] III
which is strongly stabilized (33.3 kcal mol21) relative to
the separated species. III eliminates a water molecule to
yield ionized tert-butylvinyl ether (Figure 3, exit b).
Since the intensities of this product ion and of the others
are of the same order of magnitude, one can suppose
that the rate limiting steps for exits a, b and c have
roughly the same energy level. This allows us to con-
clude that the transition state from II to III is higher in
energy than the barrier to the simple cleavage of III to
give H2CCHOC(CH3)3
z1 and H2O. Therefore the step
from II to III should be irreversible. In agreement with
this, sustained off-resonance irradiation (SORI) [28] ex-
cited ionized tert-butylvinyl ether was shown to be com-
pletely inert toward bimolecular reaction with water.
Loss of Water and Alkene Occurs by a
Cycloaddition Reaction Within Complexes
In the reaction of ions 1 and 2, the formation of the
(CH3)2CCHOH
z1 product (m/z 72) (exit a in Figure 3)
can readily be understood to be part of the previous
reaction channel (II 3 (II) 3 III), if it is realized that
Figure 3. Schematic potential energy surface (in kcal mol21) for ion 1 (MP2/6-31G**//HF/6-31G**
data from Table 2).
Figure 4. Bader analysis of complex II.
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some of the H2O loss product may contain sufficient
internal energy to fragment further. Indeed, upon col-
lision in the FT-ICR cell, ionized tert-butylvinyl ether
yields a m/z 57 tert-butyl cation and a m/z 72 product
which has been shown to be (CH3)2CCHOH
z1. Further-
more, a detailed study of the metastable tert-butylvinyl
ether radical cation [27], including labeling experiments
and ab initio calculations, indicates that the fragmenta-
tion begins with the formation of the [H2CCHO
z,
C(CH3)3
1] intermediate which isomerizes into the stable
complex [H2CCHOH
z1, i-C4H8]. Within the latter com-
plex, a cycloaddition–cycloreversion process leads to
the m/z 72 fragment (Scheme 1).
However, when the reactions of 1 and 2 with tert-
butanol are performed with continuous ejection of the
tert-butylalkenyl ether ions, the abundance of m/z 72
product decreases significantly but still remains for
about one third. This means that the m/z 72 product is
also likely formed by another process than further
fragmentation of the ether ions possessing an excess of
energy. A plausible mechanism could be a cycloaddi-
tion–cycloreversion process within an isomer of the
initial adduct I. This isomer cannot be the solvated
tert-butylvinyl ether ion III since, as shown above, an
excess of energy would lead to its dissociation. In
contrast, the stable [H2CCHOH
z1, i-C4H8, H2O] ter-
body complexes IV and V, shown in Figure 2, are good
candidates for the intermediate formed in this reaction.
Indeed, labeling experiments using tert-butanol-d9 indi-
cate that, in the reaction, one hydrogen of the tert-butyl
group is selectively transferred to the oxygen of the enol
radical. This requires that the tert-butyl moiety must
turn with respect to its partners in order to place one of
its hydrogen in position to be transferred easily to the
oxygen of the enol radical moiety. The calculated ge-
ometry of IV accounts for such a process since the CH2
group of the isobutene molecule remains in interaction
with the transferred hydroxylic hydrogen of the enol
moiety (Figure 2). The rotation of the enol moiety in IV
brings the oxygen of water into an H–bonded interac-
tion with the hydroxylic hydrogen of the enol, and as
such, constitutes a strong driving force to reach V. In
the structure V, the position of both double bonds
makes favorable molecular orbital interactions that lead
to the first step of the cycloaddition–cycloreversion
process and to exit a.
Loss of Isobutene Involves a Different Pathway
Loss of isobutene from I, with formation of the
[H2CCHOH
z1, H2O] product (exit c), strongly suggests
the intermediacy of a [H2CCHOH
z1, H2O, i-C4H8] ter-
body complex. The structure VI, in which the molecule
of water lies between both its partners, may be this
intermediate.
On one hand, experiments using tert-butanol-d9 in-
dicate that in the loss of isobutene, one hydrogen of the
tert-butyl group is selectively transferred to the water
molecule and not to the oxygen of the enol radical
(Scheme 2) with no further exchange. The mechanism of
this kind of reaction is well documented. For instance, it
is known that alkene loss from protonated isopropylal-
kyl ethers is facile [29]. In this case, the elongation of the
O–C(propyl) bond leads to a transient [i-C3H7
1, ROH]
complex and then, by a proton transfer without a
significant change in the geometry of the system, to the
stable [C3H6, ROH2
1] complex. Applied to the reaction
studied here, this mechanism leads to proposal of a
consecutive reaction sequence: II 3 (II) 3 VI. This
mechanism would account for the experimental data as
well as for the calculated geometry of VI.
The [RR9CCHOz, C(CH3)3
1, H2O] Complexes II
Possess a Significant Lifetime
In the isobutene channel, as shown above, the reaction
of ion 2 with tert-butanol-d10 leads to a 1:1 mixture of
[H3CCHCHOH
z1, D2O] and [H3CCHCHOD
z1, HDO]
(Scheme 2). This means that in the intermediate II, the
water molecule can freely rotate making the initial
hydroxylic hydrogen of the ion and that of tert-butanol
equivalent (Scheme 5) implying a significant lifetime for
II. This permutation cannot be observed in the products
resulting from water loss since, in this case, both
permuting hydrogens are eliminated in the water mol-
ecule.
The Ter-body Complexes IV and V Do Not
Interconvert with VI
First of all, it is worthy to note that the formation of VI
is irreversible, since it does not lead to a statistical
exchange between the hydrogens of the tert-butyl group
and those of the water molecule. Moreover, analysis of
the tert-butanol-d9 results show that in the pathways
leading to water loss and (water 1 alkene) loss, H2O is
lost whereas HDO is formed in the pathway leading to
a solvated ion. Thus, the selectivity of the proton
transfers leading on one hand to IV (and then to V) and
on the other hand to VI, enables drawing the conclusion
that these complexes possess two different structures,
and that the rate of their unimolecular interconversion
is significantly slower than their rates of dissociation.
However, interconversion can be obtained by a disso-
ciation–readdition reaction: for instance, the dissocia-
tion product of VI, [1, H2O] ion, formed by loss of
isobutene, subjected to reaction with pulsed isobutene
yields m/z 72 and m/z 100 products. This experiment
shows that the outcome of the reaction depends on the
approaching side of the moieties: when isobutene ap-
proaches the water molecule side of the solvated ion,
the complex VI is formed and then dissociates to give
the reactants back (exit c); in contrast, when isobutene
approaches the enol side, the complexes IV and V are
formed which then dissociate to give the observed and
expected products (exits a/b).
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Conclusion
In the light of both theoretical and experimental results,
the apparently complicated reactivity of the enol ions
towards tert-butanol can now be rationalized. We also
pointed out, for the first time, that the key intermediates
are stable terbody complexes, in which two neutrals can
often rotate freely around an ionic core.
In the first steps of the reaction, the interaction
between the enol ion and the alcohol yields the highly
stabilized H1–bonded complex I which interconverts
into II by a simple exothermic proton transfer. A Bader
analysis shows that II has the geometry of a terbody
complex formed by the tert-butyl cation, the enol radi-
cal, and water.
The complex II either collapses to produce a covalent
structure with water elimination or isomerizes to give a
series of stable ter-body complexes between the enol
ion, isobutene and water. Among these complexes,
three ter-body structures were found to be stable.
Starting from II and depending on the hydrogen trans-
ferred, two pathways are open. The first one involves
the terbody intermediates IV and V whose conforma-
tion allows a cycloaddition–cycloreversion reaction be-
tween the enol ion and isobutene. The second one yields
the enol ion solvated by one water molecule by the
intermediacy of the ter-body complex VI in which the
water molecule is sandwiched between the enol ion and
isobutene. The location of water within VI is important
in the course of the reaction, since we demonstrated that
a specific H1-transfer occurs from the tert-butyl moiety
to the water and not to the enol.
It was also shown that II has a significant lifetime
and that IV and V do not interconvert with VI meaning
that both pathways are independent.
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